All animals in which sleep has been studied express signs of sleep-like behaviour, suggesting that sleep must have some fundamental functions that are sustained by natural selection. Those functions, however, are still not clear. Here, we examine the ecological relevance of sleep from the perspective of behavioural trade-offs that might affect fitness. Specifically, we highlight the advantage of using food-caching animals as a system in which a conflict might occur between engaging in sleep for memory/learning and hypothermia/torpor to conserve energy. We briefly review the evidence for the importance of sleep for memory, the importance of memory for food-caching animals and the conflicts that might occur between sleep and energy conservation in these animals. We suggest that the food-caching paradigm represents a naturalistic and experimentally practical system that provides the opportunity for a new direction in sleep research that will expand our understanding of sleep, especially within the context of ecological and evolutionary processes.
INTRODUCTION
Animals make numerous behavioural decisions, and one of the major goals of behavioural ecology is to understand the fitness consequences of such decisions. Behaviour may affect fitness in a variety of ways. To maximize fitness, animals must manage and balance competing selection pressures, which may result in a variety of trade-offs. For example, most prey species must balance the risk of starvation with the risk of predation while foraging (Lima & Dill 1990) . In this case, an animal cannot maximize foraging rates to avoid starvation because it would lead to increased predation risk. However, the animal cannot maximize safety by avoiding all predators as this tactic will reduce its ability to forage and, thus, will result in certain starvation. Hence, a trade-off results.
One topic seldom considered by behavioural ecologists as an important factor of fitness is sleep. Although we do not fully understand sleep, we know that it is a critically important behaviour (Cirelli & Tononi 2008; Mignot 2008) . Even moderate sleep deprivation can have an adverse impact on immune function (Majde & Krueger 2005; Imeri & Opp 2009; Preston et al. 2009 ), neurogenesis in the adult brain (GuzmanMarin et al. 2005; Mueller et al. 2008 ) and neural physiology (McDermott et al. 2003) . In some cases, extreme sleep deprivation can lead to death (Rechtschaffen & Bergmann 2002) . Sleep loss also impairs alertness (Dinges et al. 1997) , interferes with the consolidation of recently acquired information and may impair an animal's ability to acquire new information (Hairston et al. 2005) . Therefore, sleep, like foraging, reproduction and predator avoidance, is very likely a necessary component of fitness. Furthermore, in general terms, sleep is a largely exclusive state that precludes an animal from performing other tasks. Sleep is, thus, a behaviour that might often be in conflict with other behaviours (Lima et al. 2005) and should be considered among possible fitness trade-offs.
Here, we emphasize the importance of including sleep when considering behavioural trade-offs. To illustrate the notion that trade-offs between sleep and other behaviours may exist, we highlight an ecologically relevant food-caching model in which a conflict might occur between memory and energy conservation. Briefly, many food-caching birds such as those in the family Paridae rely on spatial memory to store many thousands of food items during the winter (e.g. Shettleworth 1995; Roth et al. 2010; Smulders et al. 2010) . Their survival appears dependent upon these caches, and thus there is likely strong selection pressure for accurate spatial memory. It has been hypothesized that such selection pressure should result in enhanced memory and in modifications in neural mechanisms supporting spatial memory such as the hippocampus (Krebs et al. 1989; , a hypothesis that has been under intensive scrutiny (Roth et al. 2010; Smulders et al. 2010) . However, many of these small birds also live in extremely harsh climates and may drop their body temperature at night (i.e. enter a state of hypothermia) in order to conserve energy (e.g. Reinertsen & Haftorn 1983) . Energy management and conservation, such as nocturnal hypothermia, appear to be important adaptations to survival in harsh climates, but recent work suggests that sleep, which is important for memory (e.g. Mignot 2008 ), may not be compatible with torpor and thus energy conservation (e.g. Palchykova et al. 2002) . Therefore, a trade-off may exist between sleeping for memory and entering torpor for energy conservation. We will explore this idea in detail below. Moreover, we will describe how this naturalistic avian food-caching paradigm, in which selection results in natural variation in memory and learning, may be a crucially important model for addressing questions about the evolution of sleep and its functions.
WHY WE SLEEP
All animals adequately studied to this point appear to engage in sleep (Cirelli & Tononi 2008) . Sleep is broadly defined as a rapidly reversible period of immobility characterized by (i) a change in the neurophysiology of the brain, (ii) a characteristic posture, (iii) an increased response threshold to external stimulation, and (iv) homeostatic regulation (Tobler 1995) . In arthropods, for example, sleep is simply characterized behaviourally by a quiescent period with an increased arousal threshold to external stimuli such as light and a characteristic dropped antenna posture (van Swinderen 2007) . Although much work has been done in fruit flies (e.g. Shaw et al. 2000; Nitz et al. 2002; Hendricks & Sehgal 2004) and to a lesser extent in honey bees (Kaiser & Steiner-Kaiser 1983; Kaiser 1988; Sauer et al. 2003; Klein et al. 2008) , work in other invertebrates is sparse. In poikilothermic vertebrates such as fish, reptiles and amphibians, sleep is again predominantly limited to behavioural definitions. Brain activity as measured with electroencephalograms (EEG) from these taxa characteristically shows high-voltage spikes, which are probably associated with sleep (reviewed in Hartse 1994). However, inconsistencies among studies have made the description of definitive sleep patterns in these groups challenging (Hartse 1994; Rattenborg 2007) . Only in birds and mammals is sleep categorized by behavioural state as well as unequivocally distinct EEG patterns (see Rattenborg 2006 for review) . In birds and mammals, sleep comprises two main states: slow-wave sleep (SWS) and rapid eye movement (REM) sleep. During SWS, the EEG shows high-amplitude, low-frequency activity. The amount of such slow-wave activity (SWA; spectral power density between 0.5 and 4.5 Hz) increases as a function of prior time spent awake and decreases as a function of time spent asleep. This relationship suggests that SWA reflects homeostatically regulated sleepdependent processes potentially linked to the function of SWS Rattenborg et al. 2009 ). During REM sleep, the EEG resembles the low-amplitude, high-frequency pattern that occurs during wakefulness. In contrast to wakefulness, however, REM sleep is characterized by decreased responsiveness to the environment and a reduction in muscle tone. Interestingly, birds and mammals are the only taxonomic groups known to exhibit SWS and REM sleep.
The convergent evolution of similar sleep states in birds and mammals might be linked to the convergent evolution of complex brains and associated cognition in each group (Rattenborg 2006; Rattenborg et al. 2009 ). Indeed, it is quite interesting that both mammals and birds appear to have similar sleep patterns despite their independent evolution and differences in brain structures (e.g. birds have no true neocortex, but instead appear to have similarly functioning areas; Rattenborg 2006; Rattenborg et al. 2009 ). For example, instead of a neocortex, birds have a similarly functioning pallium that is organized into four main subdivisions: hyperpallium, mesopallium, nidopallium and arcopallium ( Jarvis et al. 2005) . The avian hyperpallium has a unique organization found only in birds (Medina & Reiner 2000) , which functions like the primary visual and somatosensory cortex of mammals. The dorsal ventricular ridge contains the mesopallium, nidopallium and arcopallium and consists of stellate neurons arranged in a non-laminar manner. In birds, the adult pallium is approximately 75 per cent of the telencephalic volume, which is comparable to the pallial neocortex in mammals. It appears to process information in a similar manner to the mammalian sensory and motor cortices (Jarvis et al. 2005) and to serve as a linkage between sensory inputs and motor outputs, as does the mammalian cortex.
Although sleep must have some fundamental functions in order to be sustained by natural selection, those functions are still not clear. In fact, the function of sleep has been a topic of much debate over the past 40þ years (Rechtschaffen 1998) . Sleep may have some functions associated with energy conservation (Berger & Phillips 1995) , immune function (Majde & Krueger 2005; Imeri & Opp 2009; Preston et al. 2009 ), brain metabolism (Benington & Heller 1995) , predation risk (Meddis 1975; Lima & Rattenborg 2007; Lesku et al. 2008) , neural maintenance (Kavanau 1996; Krueger & Obal 2003; Cirelli et al. 2005; Tononi & Cirelli 2003 and/or memory consolidation (Stickgold & Walker 2005) . Given the many possible benefits that sleep may provide, it would be short sighted to state that sleep has only one function. In fact, there may be a suite of benefits from the same process of sleep or variations in sub-processes that might produce different benefits (Siegel 2005; Lesku et al. 2006; Roth et al. 2006; Capellini et al. 2008; Mignot 2008) . Once an animal becomes unresponsive and takes on the potential costs of sleep to fulfil a primary function, it should also benefit from secondary functions at this time as well.
THE IMPORTANCE OF SLEEP FOR MEMORY
Sleep seems to be particularly important for the brain and seems to have a function that is incompatible with the significant sensory processing in wakefulness. The local regulation of SWS intensity indicates that sleep serves a function for the brain itself , an idea that has extensive support (Hobson 2005; Mignot 2008) . Evidence for this is particularly striking in aquatic mammals and many (if not all) birds that exhibit interhemispheric asymmetries in SWS intensity, or outright unihemispheric SWS (e.g. Rattenborg et al. 2000; Lyamin et al. 2008) in which the hemispheres of the brain engage in SWS independently. Unihemispheric sleep may be a way to allow the entire brain to simultaneously engage in two otherwise mutually exclusive tasks, such as sleep and vigilance for predators (e.g. Rattenborg et al. 1999) . The fact that these animals engage at least one hemisphere in sleep in spite of predation risk suggests that sleep must be important and necessary for overall survival; otherwise it may be expected that animals should abandon sleep entirely at times of heightened risk of predation. Further evidence for the relationship between sleep and the brain comes from numerous studies suggesting that sleep may benefit or facilitate neural maintenance (Kavanau 1996; Cirelli et al. 2005; Tononi & Cirelli 2003 , neurogenesis (Guzman-Marin et al. 2005) and learning/memory (Ambrosini & Giuditta 2001; Ribeiro et al. 2002 Ribeiro et al. , 2004 Huber et al. 2004; Walker & Stickgold 2004; Deregnaucourt et al. 2005; Stickgold & Walker 2005) . This pattern may also be true over evolutionary time. In a large-scale comparative analysis, Lesku et al. (2006 Lesku et al. ( , 2009a found a positive association between %REM sleep (the per cent total sleep time comprising REM sleep) and relative brain size in mammals (i.e. encephalization quotient, sensu Jerison 1985) , suggesting that species with larger brains engage in more REM sleep. The importance of both REM sleep (e.g. Walker & Stickgold 2004) and SWS (e.g. Huber et al. 2004 ) for brain function has been well documented in humans as well.
It appears that sleep may have some function related to brain plasticity (Maquet et al. 2003; Tononi & Cirelli 2006) , i.e. the ability of the brain to change its structure in response to the environment such as when memories are reorganized and reactivated (Hennevin et al. 2007) . Extensive research has examined the relationship between plasticity and sleep, especially in regard to learning and memory (see Maquet 2001; Maquet et al. 2003 and references therein; Hennevin et al. 2007 ). Much of this work has been directed towards humans and laboratory rats. In particular, such work has supported the idea that sleep might enhance one's ability to learn and remember (Kavanau 1997; Walker & Stickgold 2004; Stickgold 2006; Eichenbaum 2007) . For example, sleep enhances the ability to recall spoken language (Fenn et al. 2003) , spatial memories (Ferrara et al. 2003; Peigneux et al. 2004) , auditory patterns (Gottselig et al. 2004) , motor skills (Stickgold 2006; Peters et al. 2007 ; reviewed by Blischke & Erlacher 2007) and factual information (Ellenbogen et al. 2006a,b) . Similarly, sleep in rats also enhances memory (e.g. Lee & Wilson 2002; McDermott et al. 2003; Colgin & Moser 2006) . This research further suggests that different types of memory may be enhanced by different types of sleep.
For example, memories involved in performing a task such as riding a bicycle (i.e. procedural memories), may be enhanced by REM sleep (reviewed by Born et al. 2006) . In contrast, memories involved in remembering abstract ideas and facts (declarative memories) seem to benefit from SWS (reviewed by Born et al. 2006) . However, there are exceptions to these patterns (e.g. Huber et al. 2004; Fogel & Smith 2006) , and thus it is not entirely clear if specific sleep states are involved in different types of memory. Indeed, there is still discussion in the field about how to distinguish memory types, the neurological differences between them and how these issues might apply to non-human animals (Poldrack & Foerde 2008) ; nonetheless, there is overwhelming evidence that in some form sleep does enhance multiple qualities of memory and learning (Marshall & Born 2007) .
Despite numerous studies supporting the relationship between sleep and memory, there is still some debate over the role of sleep in memory consolidation and learning. The effects of sleep on learning and memory are often tested by comparing the performance on memory tasks before and after a period of sleep deprivation and then again after sleep (Vertes 2004; Vertes & Siegel 2005) . Critics claim that sleep deprivation may impose other physiological limitations, such as stress, that may impair memory performance (reviewed by Frank & Benington 2006) , making the distinction between memory loss owing to sleep deprivation and memory loss owing to stress difficult. Whereas this was a valid criticism of many older studies, recent studies have taken steps to avoid this problem (Maquet et al. 2003) . Huber et al. (2004) , for example, resolved the possible confound of stress and sleep deprivation by testing subjects within their normal sleep/wake pattern, and their findings still supported the relationship between sleep and learning/memory. In addition, the link between local changes in SWA in specific regions of the brain as related to performance also excludes potential stress effects (e.g. Huber et al. 2004; Peigneux et al. 2004) . Furthermore, recent evidence in birds suggests that moderate levels of chronic stress as measured by corticosterone levels actually increases learning and memory (Pravosudov 2003; see Pravosudov 2005 for full review). However, although the potential confound of stress has been ruled out, the link between sleep (particularly REM sleep) and memory is nonetheless still challenged. Notably, antidepressant drugs such as monoamine oxidase inhibitors reduce or in some cases completely abolish REM sleep (Wyatt et al. 1971) . Despite the widespread therapeutic use of such drugs, there has been no evidence of mass disruptions to memory or learning (Siegel 2001) . In fact, recent work by Rasch et al. (2009) found that druginduced REM sleep suppression had no effect on memory consolidation for word pairs and enhanced memory for finger-tapping skills. In addition, recent work by Ruby et al. (2008) suggests that circadian rhythms may play an important role in memory that is independent of sleep itself. They found that eliminating circadian rhythms without reducing sleep significantly reduced memory of novel objects in Siberian hamsters (Phodopus sungorus). They suggest that the circadian rhythm may play an important role in regulating plasticity in the hippocampus. Finally, cetaceans have little, if any, REM sleep (Lyamin et al. 2008 ), yet are thought to be animals highly capable of learning (Siegel 2000 , but see discussions in Manger 2006; Marino et al. 2008) . Thus, it seems that we still have much to learn about the effects of stress, sleep and memory.
THE ECOLOGICAL RELEVANCE OF MEMORY
Memory is important for many animals in a variety of different contexts as it represents the method by which they obtain and retain information. For example, foraging animals may need to remember locations of food resources, locations that have already been used and, in the case of food-caching species, the locations of numerous caches (Shettleworth 1995 (Shettleworth , 1998 Sherry 2006) . Memory in food-caching species in particular may be critically important for survival and thus may be highly influenced by natural selection. Memory also plays an important role in spatial use in general, not just in the context of foraging, but also in locating other resources, in knowing the location of refuges, the location of territory boundaries and simply remembering where one has been (Shettleworth 1998) . Memory might also be important during social interactions in that animals may benefit from remembering with whom they have interacted (Mateo & Johnston 2000) both to identify potential rivals and kin. Memory is equally important in the development of speciesspecific calls and song (e.g. Margoliash 2005), even though avian song learning and memory may be fairly unique and rely on different mechanisms than all other types of memory both in birds and mammals (Clayton & Soha 1999) . In many birds, for example, songs require intensive periods of practice before the appropriate song is sufficiently learned (Dave et al. 1998) . Given the importance of memory in a variety of different ecological contexts, it is not surprising that there is strong selection pressure for accurate and flexible memory.
Memories are processed and stored in the brain. The process of memory storage appears to be a complex function of multiple brain regions (Desposito & Grossman 1996; Gilbert 2001 ) and may be better described as a multidimensional process rather than a direct path (Kenser & DiMattia 1987; Squire 2004) . In mammals, memories seem to be initially processed in the hippocampus and later transferred to the neocortex (Wiltgen et al. 2004; Frankland & Bontempi 2005) . The mechanisms for this memory transfer from one region of the brain to others are not well understood (Squire 2004 ), but may depend on SWS (Molle & Born 2009 ). The processing, transfer and storage of memories in birds are even less well known than in mammals. There is some evidence that caudomedial nidopallium plays an important role in the long-term storage of song memories produced elsewhere in the song-control system (Pinaud & Terleph 2008) , but the evidence for a similar pattern involving the hippocampus is equivocal. Avian song learning paths are independent of the hippocampus and are uniquely avian (Clayton & Soha 1999) , so this pattern may or may not exist. We do know that spatial memories in particular seem to show strong association with the hippocampus (Sherry & Healy 1998) . Lesions and oblations of the hippocampus destroy recent spatial memories and prevent further spatial memory acquisition Hampton & Shettleworth 1996) . Further evidence for the importance of the hippocampus in spatial memory comes from comparative studies showing that animals with better memories have larger hippocampi, both within (Pravosudov & Clayton 2002; Pravosudov et al. 2005 Pravosudov et al. , 2006 Roth & Pravosudov 2009 ) and among species (Biegler et al. 2001) , and have more hippocampal neurons (Pravosudov & Clayton 2002; Cristol et al. 2003; Pravosudov et al. 2005 Pravosudov et al. , 2006 . In addition to managing memories, the hippocampus may also play important roles in arousal from and entrance into hibernation in mammals (Horowitz et al. 1987) as well as many other behavioural processes (reviewed by Bast 2007) .
Adult hippocampal neurogenesis in particular might be important for memory maintenance (Nottebohm 2002) . It has now been well established that both mammals and birds generate new neurons in adulthood, and adult neurogenesis is especially intense in the hippocampus (Ehninger & Kempermann 2008) . Neurogenesis and apoptosis (cell death) appear to be key components in regulating neuron numbers in the hippocampus (Patel et al. 1997 ) and thus new neurons might be crucial for memory maintenance. However, it is still unclear how new neurons produced during adult neurogenesis are incorporated into old memories (see Bruel-Jungerman et al. 2007; Rasch & Born 2007 ). Many factors resulting in reduced neurogenesis rates also result in deteriorated memory performance, and sleep deprivation in particular has also been linked to lowered cell proliferation rates and neuronal maturation rates in the hippocampus (Guzman-Marin et al. 2003 Hairston et al. 2005) . This result, however, does not appear to be mediated by stress, as adrenalectomized rats also show a reduction in neurogenesis rates following sleep deprivation (Mueller et al. 2008 ; see also Guzman-Marin et al. 2007; Meerlo et al. 2008) . A reduction in REM sleep in particular may be responsible for the reduction in neurogenesis rates (Guzman-Marin et al. 2008; Mueller et al. 2008) , although more research is required to completely separate the effects of SWS and REM sleep. Overall, these findings provide support to the idea that sleep is important for adaptive plasticity in the brain and, hence, may be crucial for memory function itself.
As one of sleep's functions then may be synaptic plasticity in the hippocampus and/or in the entire brain, sleep may be an important part of the ecology of memory. Possibly even small reductions in sleep, and thereby plasticity and neurogenesis rates, may have long-term effects on an animal's memory, which might have fitness consequences for an animal under strong selection pressures in natural settings. Such negative effects might become even more problematic when sleep amount or quality is chronically reduced. However, currently there is little information available about how much and how well animals actually sleep in the wild (but see Rattenborg et al. 2008 ).
A CONSIDERATION OF ENERGETIC DEMANDS
In harsh climates, energy management and conservation are important for survival. This is particularly true for small animals that have high relative surface areas and thus lose a great deal of heat to the environment (Schmidt-Nielsen 1983) . To compensate, animals can increase their metabolic rates to produce more heat, but consequently require increased energy intake rates to fuel that increase in metabolism. For most animals, such an increase in metabolism means increasing foraging rates and thus increasing their exposure to predation, a trade-off that has been well studied, especially in birds (Lima & Dill 1990; Lima 1998) . However, for many animals, the increased energy expenditure becomes particularly dangerous at night when they cannot forage and therefore cannot be active to replace lost energy. In such cases, animals must have adequate energy stores to survive the night before ending daily activity, but cannot maintain too much fat during the day as increased weight reduces take-off speeds, thereby increasing predation risk (Houston & McNamara 1993) . Surviving the night is easier for larger animals that experience relatively less heat loss and may have relatively larger energy reserves in the form of proportionally more body fat, a larger crop, etc. Smaller animals, however, may not possess such characteristics and instead may use alternative strategies to increase their chances of surviving the night (Reinertsen 1996) . For example, many hummingbirds (e.g. Hiebert 1990), mousebirds (Colius sp.; e.g. Bartholomew & Trost 1970) and Parid species (e.g. Chaplin 1974 Chaplin , 1976 Reinertsen & Haftorn 1983 ) reduce their body temperature, and thereby energy expenditure, at night.
Sleep itself appears to have some energy conserving properties. In fact, one of the early hypothesized functions of sleep was energy conservation (Horne 1977; Walker et al. 1979) . During sleep, body temperature of many mammals naturally drops by up to 38C as a result of a change in thermoregulatory patterns (McGinty & Szymusiak 1990) . During REM sleep, thermoregulation is greatly or entirely reduced (Parmeggiani 2003) . The reason for this effect is not entirely clear, but may be the result of conflicting demands between the function of the preoptic-hypothalamic thermostat and the function(s) of REM sleep (Parmeggiani 2003) . However, this drop in temperature is generally not sufficient to save adequate amounts of energy in many species, especially those that live in particularly harsh environmental conditions. Thus, many animals, including many food-caching species, appear to actively use hypothermia, daily torpor or hibernation to drop their body temperatures and save energy.
There is some inconsistency and debate about the distinction between hypothermia, torpor and hibernation (see Geiser & Ruf 1995) . These three categories appear to run along a continuum of the decline in temperature, time in the state, and time (and energy) required to return to the normothermic state. Hypothermia is generally considered to be a relatively small drop in body temperature (1 -108C below normothermia) that can be quickly reversed. Torpor generally involves maintaining lower temperatures (minimum body temperatures between 108C and 258C), requires more effort to regain function and generally occurs for no more than 24 h (Geiser & Ruf 1995) . Hibernation is generally much longer (several days to weeks) with a severe drop in body temperature (minimum body temperature generally less than 108C) that requires considerable energy to regain function (Snapp & Heller 1981) . Although body temperature has traditionally been used as a way to distinguish these states, Geiser & Ruf (1995) argue that the distinction between torpor and hibernation in both birds and mammals should be based on metabolic rate and the duration of the state rather than temperature alone, as the latter shows considerable overlap between categories.
Historically, torpor, hibernation and sleep (SWS in particular) were considered to be homologous processes (Walker et al. 1977 (Walker et al. , 1983 Krilowicz et al. 1988; Trachsel et al. 1991) . While they all involve general 'sleep-like' behaviour and all have energy-saving properties, the relationship between them and their origins are difficult to determine. Given that animals usually enter hibernation/torpor through SWS, Walker et al. (1979) hypothesized that SWS and hibernation reflect different degrees of a homologous process. However, other lines of evidence suggest that SWS and hibernation are quite different states. For example, Djungarian hamsters show an increase in SWA after arousal from torpor that is consistent with waking sleep deprivation (Palchykova et al. 2002) . So, SWS may be a logical/conducive stage through which animals enter hibernation, but may have nothing to do with sleep per se. Indeed, the fact that animals periodically arouse from hibernation and enter sleep suggests that they accrue a sleep deficit during hibernation that must be repaid, despite the high associated metabolic costs of arousal. This idea is still controversial, however, as Larkin & Heller (1999) found no evidence of the homeostatic regulation of sleep after arousal. They suggest that the need for SWA after arousal may not be the result of a sleep debt, but instead may be necessary to repair neural structures lost during hypothermia (Larkin & Heller 1999 ; see also Larkin et al. 2002) . For our discussion here, the origins of hibernation and torpor are not necessarily important, nor are the exact mechanisms involved in the need for sleep after arousing from a hypothermic state. What is important is that there is clearly a cost to hypometabolic states that impact brain function, which may have adverse impacts on memory. This is discussed in more detail below.
One of the main differences between torpor and sleep is that severe drops in body temperature may actually be detrimental to brain chemistry and physiology. Extreme reductions in body temperature may limit neurochemistry, thus limiting brain functions. For example, synaptic transmission in the brain is reduced at lower temperatures owing to an elevation in concentrations of potassium, calcium and magnesium in the brain (Igelmund 1995) . In addition, hibernating mammals experience a significant loss of synapses throughout the brain (von der Ohe et al. 2006 Ohe et al. , 2007 , a change in synaptic morphology (Popov et al. 1992 ) and an overall loss of synaptic efficacy, especially in the hippocampus (Strijkstra et al. 2003) . Interestingly, synaptic proteins are not lost, but rather accumulate in a reservoir that can be used upon reaching euthermia (von der Ohe et al. 2007 ). This loss of synaptic structure may explain in part the loss of memory observed in some hibernating mammals. For instance, upon re-entering euthermia ground squirrels (Spermophilus sp.) fail to recognize previously familiar conspecifics (e.g. Mateo & Johnston 2000; ; but see Millesi et al. 2001) and have reduced spatial and operant memory function (Millesi et al. 2001; Strijkstra et al. 2003) . Thus, there appear to be severe neurological (and thus potentially ecological) costs to lowering body temperature and entering a hypothermic state that may have a direct impact on memory. Likewise, daily torpor has a negative effect on memory retention, especially in complex spatial tasks in hamsters . Thus, the effect of reduced body temperature on sleep and memory may occur along the continuum of thermal reductions. To our knowledge, though, there have been no studies of this sort in birds.
Consistent with the physiological evidence for a cost of torpor and hibernation are behavioural observations of birds entering hypothermia only under particularly harsh conditions. For example, an animal can choose to go hypothermic on a daily basis and does not always drop body temperature to same level. For example, willow tits in poor condition drop their body temperatures lower and decrease their oxygen consumption further compared with tits in better condition (Reinertsen & Haftorn 1984) , suggesting that there is a cost to dropping body temperature. Similarly, torpor in Inca doves (Scardafella inca; MacMillen & Trost 1967), parids (e.g. Sharbaugh 2001), nightjars (Dawson & Fisher 1969) and sunbirds (Nectarinia sp.; Cheke 1971) was the result of low ambient temperatures and/or starvation (but see Chaplin 1976 ). However, if food supplies are adequate, even some very small birds living in very harsh climates (e.g. goldcrest, Regulus regulus) may not necessarily engage in hypothermia (Reinertsen et al. 1988) or may reduce its depth (e.g. willow tits, Parus montanus; Reinertsen & Haftorn 1984) . It is likely then that the level to which a bird drops its body temperature is a function of energy levels and required energy expenditure to survive the night (Pravosudov & Lucas 2000) . Birds might drop their body temperatures when the ambient temperature is particularly low, when they begin the night with low energy reserves, or when they are chronically starved (see Walker et al. 1983) . The dynamics of these systems and the reluctance of birds in good condition to enter a state of hypothermia then seem to support the idea of a cost of hypothermia (Pravosudov & Lucas 2000) .
Given the thermal consequences to neurophysiology that occur during torpor and hibernation, one of the primary costs of hypothermia may be a reduction in the beneficial qualities of sleep (Trachsel et al. 1991) . If neurophysiological pathways are limited during low temperatures, then sleep itself might be limited as well. In fact, this seems to be the case, not only in extreme situations of long-term hibernation and torpor (see below), but also in short term and relatively low levels of hypothermia. Sleep architecture itself is sensitive to changes in ambient temperature even if the animal does not enter torpor (see Deboer 1998 for a full review). For example, in a study on rats, the duration of REM sleep drastically decreased at low ambient temperatures relative to control animals. The amount of time spent in SWS and the level of EEG SWA (a measure of SWS intensity) also decreased at low ambient temperatures (Cerri et al. 2005) . Therefore, if REM sleep and the SWA that defines SWS are directly involved in maintaining brain function (Tononi & Cirelli 2006) and there are reductions in REM and SWA that occur during torpor and hibernation, these states of hypothermia may consequently impair memory.
The most persuasive evidence that sleep and torpor are not compatible comes from small mammals. In many cases, both REM sleep and SWS-related SWA are reduced while these animals are in torpor (e.g. Trachsel et al. 1991; Deboer & Tobler 1996 , 2000 Millesi et al. 2001; . In some cases, REM sleep is entirely absent during deep torpor (e.g. Krilowicz et al. 1988) . So, in these cases, it seems that the benefits of sleep are very much reduced or not realized at all during hibernation. As a result, it has been proposed that hibernating animals become thermogenic and arouse in order to sleep (e.g. Daan et al. 1991 ). This idea is based on the observation that immediately after arousal, ground squirrels increase SWA proportionally to the time spent in hibernation (Trachsel et al. 1991 ; but see Larkin & Heller 1996) and inversely proportional to the body temperature during hibernation (Larkin & Heller 1996; Strijkstra et al. 2003) . Similarly, SWA in Djungarian hamsters increases after arousal from torpor regardless of the mode of arousal and only after returning to euthermia (Deboer & Tobler 1996 , 2000 . Still, there is some debate as to whether the increase in SWA after arousal is indeed a compensatory response to sleep deprivation or simply a consequence of thermoregulatory processes (such as synaptic degradation) unrelated to sleep homeostasis (Berger 1998; Larkin & Heller 1999) . Regardless, the evidence suggests that the restorative functions of sleep are suppressed at low temperatures, as in the case of impaired memory during hibernation (e.g. Mateo & Johnston 2000) . Thus, hypothermia along the gradient of torpor and hibernation are likely in effect forms of sleep deprivation (Deboer & Tobler 1996 , 2000 . When animals are not allowed to sleep after arousal, they show reductions in spatial and operant memory (Millesi et al. 2000) similar to the loss of memory during traditional forms of sleep deprivation (Deboer & Tobler 2000 . Thus, there are physiological and potentially ecological costs to hypothermic states yielding a reduction in memory.
In addition, the level of SWA required after hibernation may be a function of the level of neurodegradation caused by temperature and duration. This could occur in the absence of sleep deprivation per se. If hibernation temperatures are extremely low and synapses are degraded, it is possible that an increase in SWA would be needed after arousal in order to either repair the damage directly or to maintain synaptic homeostasis after the large-scale synaptogenesis that would be required during the return to euthermia. European ground squirrels (Spermophilus citellus), for example, required SWS recovery after arousal only at body temperatures below 158C (Strijkstra & Daan 1997a,b) . At these very low temperatures, animals may not experience a sleep debt in the traditional sense owing to the thermally induced reduction in brain activity, but instead might need to arouse in order to restore the neural connections that break down in the hippocampus and other parts of the brain, which are lost at such low temperatures (Strijkstra et al. 2003; von der Ohe et al. 2006 von der Ohe et al. , 2007 . At very low temperatures, then, the brain function may not be maintained. Thus, the effects of hibernation or deep torpor on sleep may be somewhat dissimilar to normal sleep regulation or deprivation in such species , even if sleep debt accrued during daily torpor in others is more similar to that incurred during euthermia. Overall, hibernating animals are expending considerable amounts of energy in the arousal state in order to sleep and seem to do so in order to gain the restorative benefits of the sleep process, whatever those may be.
Despite the work in mammals on the relationship between energy conservation, reduction in body temperature, memory and sleep, very little work has been done in birds. To our knowledge, only two studies have considered sleep and torpor/hypothermia in birds (Walker et al. 1983; Graf et al. 1987) . Walker et al. (1983) found that starved ringed turtle doves (Streptopelia risoria) progressively reduced REM sleep (as well as SWA during SWS; although not total sleep time) and dropped their body temperatures as ambient temperatures dropped over a series of nights. Once the birds' body temperatures reached approximately 308C, REM sleep stopped almost entirely. Likewise in pigeons (Columba livia), REM sleep as a proportion of total sleep time was reduced as body temperatures were experimentally reduced (Graf et al. 1987) . These results are consistent with those of mammals (e.g. Krilowicz et al. 1988) and suggest that the domination of SWS typical of many mammalian hibernators may be the result of a reduction in REM sleep during torpor, although the level or reduction may depend upon temperature. This extreme reduction in REM sleep during periods of hypothermia may in some way be related to the thermoregulatory inhibition of that sleep state. In addition, the amplitude of the EEG decreased in both states during the experiment (Graf et al. 1987 ; see also Walker et al. 1983) , which may have led to a reduction in sleep quality. However, it is not known whether cold-induced suppression of SWA results in a compensatory increase in SWA once euthermia is restored in birds as has been shown in mammals. Furthermore, it is not clear how frequently large birds such as pigeons and doves even use torpor on a regular basis in the wild, although hypothermia is clearly reported elsewhere in this group during extreme experimental conditions (e.g. Graf et al. 1989) . In contrast, we know that a large number of small birds regularly enter torpor or hypothermia on a daily basis (Brodin 2007) ; thus, the relationship between torpor and sleep in birds might be better investigated in these species.
THE COMPLICATION OF RISK
An additional factor that we must also consider in this discussion is the effect of predation risk. Traditionally, nocturnal predation risk is thought to be the primary limiting factor in the drop in body temperature (Grubb & Pravosudov 1994; Reinertsen 1996) . At low body temperatures, animals cannot react as quickly to a potential threat (Reinertsen 1996) . As a result, animals under high predation risk tend not to drop their body temperatures as low in order to maintain the possibility of escape (Pravosudov & Lucas 2000; Laurila & Hohtola 2005) . However, sleep may interact with this risk/body temperature trade-off as sleep itself is risky (Lima et al. 2005) . Especially in REM sleep and deep SWS, animals may be vulnerable to predation since response thresholds may be higher and reaction times longer than in other states of sleep (Tobler 1995) . Consequently, taxa that sleep in risky areas appear to sleep less and engage in less REM sleep ). In addition, following a threatening encounter, rats sleep less in general and spend less time in REM sleep (Lesku et al. 2009a,b) . Furthermore, not sleeping may make foraging more dangerous if memory is indeed reduced as a consequence of sleep deprivation and additional time spent foraging. Not only does the risk of starvation increase when it is difficult to find food, but predation increases as well, as more time is spent exposed to predation while foraging. In other words, if animals cannot remember where their food is located, they put themselves at risk while searching for it.
THE TRADE-OFF BETWEEN SLEEP, MEMORY AND ENERGY CONSERVATION
The conflict between sleep and energy conservation might well present a trade-off between saving energy in torpor or hypothermia and sleeping for memory. Reducing energy expenditure during the night by dropping body temperature seems to make sleep less efficient. This creates an interesting conflict between sleeping to form memories about where food is located and reducing sleep to save energy when food is in short supply. Especially for food-caching animals, memory and torpor both can enhance fitness by increasing available energy.
If the trade-off is true, then we can make some predictions. First, animals from more harsh climates, in which selection should favour memory, should sleep more and/or have more efficient sleep. This increase in sleep or sleep efficiency should be the result of increased selection for memory and maintaining a larger hippocampus (e.g. Roth & Pravosudov 2009 ). Second, all else equal, animals with a reduced need for memory should be more willing to drop their body temperature. If an animal does not need to engage in sleep to consolidate its memories, then it should be more willing to forgo sleep and save Review. Sleep, memory and energy conservation T. C. Roth II et al. 951 energy by becoming torpid. Third, when an animal's energy levels are low, it should favour sleep if caches are readily available, but favour a body temperature drop if they are not. Again, if remembering caching sites is crucial, then the animal should be more willing to pay the energy costs of maintaining its memories for future benefit. If, however, an animal has few caches available to it, memory should be less valuable, sleep should be reduced and body temperatures reduced to provide the largest possible energy savings. There may also be gradations of trade-off through reducing one phase of sleep preferentially (e.g. reducing REM but not SWS when memories are not as critical). In addition, some animals may solve the trade-off by always entering hypothermia during the winter, but do so to differing degrees based on food availability (e.g. willow tits (Reinertsen & Haftorn 1984) , compare with goldcrests that use hypothermia only when food is limited (Reinertsen et al. 1988) ). Alternatively, it may be possible that food-caching animals have evolved mechanisms allowing them to sleep while in hypothermia, yielding both the benefits of sleep and energy conservation. Conversely, they may be able to perform 'sleep-dependent' memory consolidation in short bouts during wakefulness. If this were the case, elucidating such mechanisms (e.g. 'microsleeps') would be especially important as it would provide an ecological and evolutionary basis for the diversification of sleep behaviours.
A MODEL SYSTEM FOR THE STUDY OF SLEEP
Few studies have focused on the relevance of memory and sleep in an ecological setting, even under seminatural conditions. To our knowledge, only one study in humans has considered spatial memory in a realistic environment. Ferrara et al. (2003) tested the influence of sleep on spatial memory by giving subjects a specific route to follow in an unfamiliar neighbourhood and then later testing their ability to remember the route by identifying the correct sequence of landmarks. Subjects performed better in the identification of the correct sequence after sleep than those that were sleep deprived overnight or those that were tested later the same day (passage of time without sleep deprivation). Many studies in rodents test spatial memory using mazes or tracks (see Clark & Martin 2005) . While these systems can tell us much about some of the mechanisms involved in spatial memory such as the recent work on place cells and the spatial sequence of neuronal firing during sleep (e.g. Lee & Wilson 2002; Foster & Wilson 2006) , they may not fully represent the demands placed on memory in the natural environment. In addition, these studies are based mostly on the laboratory rat and as such may not reveal the ecological and evolutionary tradeoffs that might have produced large variation across other taxa that have evolved under different selection pressures.
Likewise, the memories of birds in relation to sleep have not been well studied. Aside from the recent work in bird song (e.g. Deregnaucourt et al. 2005; Margoliash 2005; Shank & Margoliash 2009) , only two other studies have addressed the effect of sleep on memory. Rattenborg et al. (2004) found that experimentally induced sleep restriction in white-crowned sparrows (Zonotrichia leucophrys) reduced the performance of a cognitive task during non-migratory periods. However, it is unclear whether stress and/or sleepiness impaired performance. In addition, Jackson et al. (2008) found that domestic chicks required sleep shortly after imprinting in order to maximize the responsiveness of neurons involved in learning. Furthermore, this sleep was required to stabilize long-term memories of imprinting both at behavioural and neurological levels. To our knowledge, though, no study has addressed the effects of sleep on spatial memory in birds.
To facilitate new advances, the field could benefit greatly from additional systems in which to investigate the relationship between sleep and memory (Benington & Frank 2003; Frank & Benington 2006) . While work on humans tells us about sleep in ourselves, such studies are necessarily limited by ethical guidelines while being taxonomically limited. Using laboratory rats and mice, we can investigate the basis of the physiological and neurological foundation of sleep and memory, but these studies are inevitably limited because they do not consider the diversity of patterns that may exist across species and are therefore unsuited for establishing ecological and evolutionary trade-offs that most probably shaped the evolution of sleep and memory. Recent work on fruit flies (e.g. Shaw et al. 2002; Koh et al. 2008) has been enhanced by groundbreaking discoveries in genetics (Allada & Siegel 2008 ), but again, it is still limited in its ability to provide comprehensive understanding of trade-offs that have likely produced the diversity of sleep patterns in various species, and may not be suitable for revealing the functions of SWS and REM sleep which are only present in mammals and birds. Thus, a more naturalistic animal system would help us to understand better why animals exhibit specific sleep patterns and how these patterns might be influenced by different selection pressures.
We suggest that scatter-hoarding animals (e.g. corvids, sittids, parids in birds, and rodents in mammals) may be good models to study the relationship and potential trade-offs associated with sleep and memory. As mentioned above, spatial memory is critically important to these animals as they routinely make and retrieve thousands of caches scattered throughout their home ranges (Vander Wall 1990) . As the retrieval of these caches appears critical specifically to their overwinter survival (Pravosudov & Grubb 1997) , particularly in harsh climates, there is likely strong selection pressure for accurate memory (Pravosudov & Lucas 2000 . Furthermore, there is large natural variation in memory and in the hippocampal size in many of these systems (e.g. Pravosudov & Clayton 2002; Roth & Pravosudov 2009 ) that has also probably resulted from differential selection pressures. In more harsh climates, where selection pressures for memory might be strongest, caching animals appear to have better memories than animals from less harsh climates (Pravosudov & Clayton 2002; Roth & Pravosudov 2009 ). For example, black-capped chickadees from northern climates (e.g. Alaska), where the winters are long and cold, have larger hippocampi with more neurons than individuals from more southern climates (e.g. Kansas), where winters are relatively less demanding (Roth & Pravosudov 2009 ).
We suggest that a model of birds in particular would be an excellent complement to the research in the sleep field that has traditionally focused on mammals. Indeed, birds are a particularly useful animal model with which to determine the specific neurophysiological functions of SWS and REM sleep as they could reveal overriding principles not specific to the mammalian lineage (Rattenborg et al. 2009 ). While some work has been done on seed-caching rodents (e.g. Jacobs & Spencer 1994) , tests of memory in this group are rather limited. We suspect that future research on the memory of caching rodents (e.g. pocket mice; Heteromyidae) may be fruitful, especially as it relates to sleep. Here, however, we will focus our effort on benefits of studying memory in food-caching birds.
Food-caching birds as a group constitute an excellent system in which to study memory. An entire paradigm exists focusing on the spatial memory of food-caching birds (e.g. Krebs et al. 1996; Clayton 1998; Smulders 2006; Brodin & Bolhuis 2008) . In particular, parids and corvids have figured prominently in this type of research, having been studied both in laboratory (e.g. Brodin & Kunz 1997; Pravosudov 2003; Dally et al. 2006; Male & Smulders 2007) and field experiments (e.g. Ekman et al. 1996; Lahti et al. 1998; Hoshooley et al. 2007 ). In addition, much of the neuronal groundwork is already in place to study birds. For example, the link between memory and the hippocampus has been well demonstrated in caching birds (e.g. Hampton & Shettleworth 1996) as well as homing pigeons (e.g. Cnotka et al. 2008) .
Overall, food-caching birds such as small parids might provide a perfect model system for investigating the potential trade-offs of sleep, memory and energy. These birds make thousands of food caches every year while relying, at least in part, on hippocampusdependent spatial memory to recover them. At the same time, these birds often live in extremely severe environmental conditions in which they have only a few hours to forage and many hours of inactivity in the dark at extremely low temperatures. In such conditions, both memory for cache locations and hypothermia to save energy at night may be crucial for survival.
FUTURE DIRECTIONS FOR SLEEP RESEARCH IN ECOLOGY
The future of sleep research in ecology is filled with possibilities. Sleep is one of the great unknowns in biology and, thus, represents a fruitful direction for research, especially in the fields of ecology and behaviour. It will be particularly important for future studies to emphasize the functional roles of sleep and how selection may act upon it (Frank & Benington 2006) . Not until we understand the selection pressures that might affect sleep and the consequences and interactions of these pressures for the mechanisms of sleep can we fully understand the mystery of sleep itself. In order to address sleep on an evolutionary and ecological scale, we need to consider more naturalistic animal models of sleep. One excellent example of such a naturalistic model is that of song learning in birds (e.g. Margoliash 2005) . A system for spatial learning in food-caching animals presents an equally excellent model possibility. A great deal of work exists on the neurological and behavioural components of spatial memory in food-caching animals. Thus, the system is developed enough for the incorporation of questions about sleep. Finally, we will need to focus on the mechanisms of why sleep may be needed for the brain. A system that can integrate behavioural and mechanistic tests (Frank & Benington 2006) through the combination of neurobiology, physiology and behaviour in an ecologically relevant context (Deregnaucourt et al. 2005) should allow for a novel examination of sleep and the progression of the field.
In short, in order to better understand sleep, it is crucial that we complement the standard human/rat systems with a system that might be better suited to asking evolutionary questions. The study of humans, rats and flies has provided us with the mechanistic background for our current understanding of sleep. We should take the tremendous amount that we have learned from these groups and apply it to other systems to get a better understanding of the full nature of sleep, especially within the context of selection and naturalistic situations.
We have presented the argument for using foodcaching animals as a model system to study sleep, especially as it relates to memory and energy conservation. In these systems, we find natural variation in memory owing to different selection pressures as well as interesting trade-offs that might make the system particularly tenable for experimental sleep research. Food-caching birds in particular might be a good model to consider because they sleep like mammals despite independent evolutionary lines and provide us with a new direction in sleep research that might expand our understanding of sleep in general.
Although all animals experience sleep, some aspects of sleep may be fundamentally different throughout Animalia. We have only begun to consider how selection might act differently on various systems and produce the range of variation that we see in sleep patterns. Not until we look at sleep on a broader scale and consider how sleep has been modified under different environmental conditions will we fully understand sleep, its evolution and its many possible functions. In the end, we hope that such examinations beyond the standard research paradigms might help us to unravel some of the mysteries of sleep and better understand why we all need sleep.
We thank J. Lesku for helpful ideas and discussions. J. Lesku and L. LaDage provided comments on drafts of this manuscript. T.C.R. was supported by a National Science Foundation grant (IOB-0615021) to V.V.P., who was in addition also supported by National Institutes of Health grants (MH079892 and MH076797). N.C.R. was supported by the Max Planck Society.
